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SUMMARY 

I. The effects of incorporated cholesterol, and structural derivatives, upon the 
molecular motion of egg phosphatidylcholine in oriented multibilayers has been 
investigated using spin labelled lipid probes. 

2. Addition of cholesterol to the multibilayers decreases the amplitude of motion 
of the lipid probes, indicating an increase in order of the phospholipids. 

3. Cholesterol, lathosterol and 7-dehydrocholesterol are as effective as cholesterol 
in reducing the random motion of the bilayer phospholipids. 

4. Cholesteryl methyl ether, cholesteryl chloride, 4-cholesten-3-one, thiocholeste- 
rol and epicholesterol have no significant ordering effect. 

5. The plant sterols ergosterol and fl-sitosterol have little ordering effect while 
sterols lacking the C-I 7 side chain, 5x-androstane-3fl-ol and 5,¢-androstane-3fl-ol-I 7- 
one, produce no detectable effect. 

6. For maximum interaction with phosphatidylcholine a steroid with a planar 
nucleus requires a C- 3 r-hydroxyl  group and an iso-octyl group at C-I7, indicating 
the importance of stereospecific polar and hydrophobic forces in steroid-phospholipid 
interactions. 

INTRODUCTION 

Cholesterol is a major constituent of many cell membranes but  the nature of its 
association with the phospholipid components is not well understood. If mechanisms 
proposed for the biological activity of cholesterol and related steroids are to have a 
plausible structural basis, detailed knowledge of the molecular forces involved in 
phospholipid-sterol interactions is essential. 

Spin labelled lipid probes are extremely useful for deriving information about 
molecular orientation and motion of phospholipids in biological and model membrane 
systems *-5. It  has been shown that the motion of spin labels in model membrane 
systems is sensitive to the presence of cholesterol 6-.4. Using planar phospholipid 
multibilayers, it has been demonstrated that the changes in the resonance spectra of 
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intercalated spin labels upon addition of cholesterol could be correlated with a 
reduction in the random thermal motion of the phospholipids 1°, 11,14, (i.e. an increase 
in order). The decrease in the thermal motion of the bilayer components results in a 
decrease in the surface area occupied by each lipid is, 16 (a condensing effect) which in 
turn causes an increase in the bilayer thickness 1~, 18, altering its permeability proper- 
tieslg, 20. A comparison of the effects of cholesterol and structural derivatives on the 
motion of spin labelled lipids in the oriented multibilayers provides a convenient 
method for obtaining information concerning sterol-phospholipid interactions. 
Previous results indicated the existence of stereospecific hydrophobic and polar 
interactions between cholesterol and phospholipids 11,12. 

In this paper we present a comparative study of the ordering effects of choleste- 
rol and twelve related steroids in oriented egg phosphatidylcholine multibilayers. 
The effects of these steroids were monitored with two spin labels; 3-spiro-[2'-(N-oxyl- 
4',4'-dimethyloxazolidine)l cholestane, (3-doxylcholestane), and I2-spiro-E2'-(N- 
oxyl-4',4'-dimethyloxazolidine)] stearic acid, (I2-doxylstearic acid). The results 
indicate that solubility of steroids and degree of order induced by them in the phos- 
pholipid films is dependent on the polarity and configuration of the C-3 and C-I 7 
substituents. The degree of saturation of the B-ring has only minor influence on 
the ordering capability of a sterol. 

MATERIALS AND METHODS 

Lipids 
The steroids were purchased from Mann Research Laboratories and Sigma 

Chemical Co. Steroids which did not have sharp melting points were recrystailized 
from methanol until the maximum melting range was + I °C. Egg phosphatidylcholine 
was purified by column and thin layer chromatography. 3-Spiro-E2'-(N-oxyl-4',4'- 
dimethyloxazolidine)~ cholestane was prepared by the method of Keana et al. ~1. 
I2-Spiro-E2'-(N-oxyl-4',4'-dimethyloxazolidine)] stearic acid was synthesized by the 
procedure of Waggoner et al. s. 

Oriented multibilayers 
Thin lipid films containing a fixed egg lecithin to spin label ratio of 150: I were 

prepared as reported previously 1°. The multibilayer films were formed by evaporating 
a chloroform solution of the lipids under reduced pressure in a standard ESR quartz 
aqueous cell. Each film preparation contained z-2 mg of phosphatidylcholine. The 
lipid films were hydrated by adding 500 ~ul of 0.15 M NaC1 aqueous solution to the 
cell. 

E S R  measurements 
The resonance spectra of the spin labels in hydrated multilayers were recorded 

with the plane of the flat quartz cell parallel and perpendicular to the magnetic field 
vector. All spectra were recorded at room temperature on a Varian E3 or E6 spec- 
trometer. The data reported are the average of at least two experiments. The maximum 
deviation in the experimental hyperfine splittings of a spin label in different films of 
the same composition was :~ 0.2 G. 
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Spectral analys~s 
The analysis of the resonance spectra of spin labels in bllayer systems has been 

discussed by several authors2*-*L In this paper we have used the semi-quantitative 
treatment of the motion of spin labels introduced by McConnell ~. A very thorough 
discussion of this theory as applied to oriented multitayers is given by Seelig 24. The 
degree of order reported by a spin label may be defined by an order parameter $3 .9, 8o. 

T'II - T'j_ 
S 3 - ( I )  

T~.. - Txx 

S 3 is a measure of the degree of alignment of the z axis of the nitroxide with the normal 
of the bilayer plane. T'II and T'± are the experimentally observed hyperfine splittings 
when the normal of the bilayer is parallel or perpendicular to the applied magnetic 
field direction. The nitroxide tensor components Tzz and Txx are calculated as de- 
scribed by Seelig z4. 
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Fig I (a) 3-doxylcholestane Tyy is essentially parallel to the molecular long axis (b) i2-doxyl- 
stearlc acid in the all-tram configuration Tzz is parallel to the molecular long axis 

The y axis of the mtroxide moiety in the cholestane spin label is essentially 
parallel to the rigid steroid long axis (Fig. I). When there is rapid axial rotation of 
the label (>> 73" 1o 6 s-X), the x and z tensor components of the nitroxide will be averaged. 
With this assumption it is possible to derive an expression for the average angle 
between the steroid long axis and the normal of the bilayer plane, 

I 4S 3 + 113 (02) = arc cos (2) 
3 

Because of the simple theory used for the analysis of the resonance spectra, the derived 
values of $3 and (0 , )  cannot be regarded as absolute numbers, but  are extremely 
useful for comparative purposes. 

RESULTS 

The spectra of I2-doxylstearic acid and 3-doxylcholestane in fully hydrated egg 
lecithin multibilayers are shown in Fig. 2 The spectra of I2-doxylstearic acid are 

B,och*m B,ophys Acta, 29o (1972) 22-31 



STEROID--LECITHIN INTERACTIONS 25 

almost angular independent,  ($3 = o.o2), indicating the phospholipid chains in the 
vicinity of the nitroxide are in a very  fluid state. However,  when the bilayers were 
hydra ted  with an atmosphere of 81% relative humidity,  the spectra of thelabelwere  
very similar, (S 3 approx, o.2o), to  those reported by  Jos t  et al. ~ for the same degree 
of hydrat ion.  This indicates there is a significant difference in the fluidity of the chains 
between the semi- and ful ly-hydrated states of the bilayers. In  contrast  to the motion 
of the stearic acid label, the spectra of 3-doxylcholestane indicate preferential align- 
ment  of the steroid nucleus in the hydra ted  bilayers. The preferential alignment of 
the steroid spin label is probably  due to the fluidity gradient in the bilayers ~4-27 and 
the rigid rod-like shape of the label. The average angle between the steroid long axis 
and the normal  of the bilayers, (02), was calculated to be approximately  31°. I t  is 
interesting to note tha t  Seelig "4 found (02) values of 20-25 ° for 3-doxyl-Sa-andro- 
stane and 3-doxyl-Sa-androstane-I7-ol  in a model system of sodium decanoate-  
decanol-water.  

"d/ 
i 

^ ,. 

', !/FI " 

v ~ 

Fig 2 Resonance spectra of (A) i2-doxylsteanc acid, and (B) 3-doxylcholestane m hydrated 
egg lecithin multibllayers The spectra were recorded at room temperature with the magnetic 
field parallel ( . . . . . . .  ) and perpendicular ( ) to the direction normal to the plane of the 
multlbflayers. The relative positions and heights of the spectra are arbitrary 

Fig 3. Resonance spectra of (A) i2-doxylstearlc acld, and (B) 3-doxylcholestane m hydrated 
egg lecithin multlbilayers containing 50 mole~o cholesterol. The spectra were recorded at room 
temperature with the magnetic field parallel ( . . . . . . . .  ) and perpendicular ( --) to the dlrectlon 
normal to the plane of the multlbilayers. The relative positions and heights of the spectra are 
arbitrary. 

The spectra of both  labels in hydra ted  egg lecithin bilayers containing 5o mole % 
cholesterol are represented in Fig. 3. The most  dramat ic  changes are observed in the 
I2-doxylstearic  acid spectra. F rom the spectra an order parameter  of 0.44 was derived 
which indicates an increased alignment of the stearic acid long axis parallel to  the 
normal  of the bilayers. The deviation angle, ( ~ ) ,  of 3-doxylcholestane was cal- 
culated to be approximate ly  8 ° in the bilayers containing 50 mole % cholesterol. The 
decrease in the ampli tude of mot ion of both spin labels when cholesterol is added to 
the multibilayers (reflected by  an increase in S 8 for I2-doxylstearic acid and decrease 
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in (02) for 3-doxylcholestane) is consistent with a decrease in the molecular 
motion of the phospholipids in the presence of this sterol. 

S 3 and (0z) as functions of cholesterol content in the phosphatidylcholine 
multibilayers are shown in Figs 4 and 5. The results indicate that  the maximum 
ordering effect detected by  the spin labels occurs at around 33 mole % cholesterol. 
A value of S 8 - -0 .41 for I2-doxylstearic acid in the multibilayers containing 33 
mole % cholesterol compares favorably with a value of approximately o.48 in egg 
lecithin liposomes containing an equivalent amount of cholesterol reported by  Hubbell 
and McConnel125. 
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Fig 4 Variation in <02> of 3-doxylcholestane with cholesterol (©--G) and eplcholesterol 
(Q--O)  content m hydrated egg lecithin multibflayers 

Fig 5 Variation in S a of z2-doxylsteaxic acid with cholesterol ( © - -  © ) and eplcholesterol ( Q - - I )  
content in hydrated egg lecithin multibilayers 

The S 8 and (02) values obtained from hydrated egg lecithin multibilayers 
containing the cholesterol derivatives are summarized in Tables I and II .  All the 
steroid derivatives affected the motion of 3-doxylcholestane to some degree, while 
I2-doxylstearic acid was much more sensitive to changes in steroid structure. 

Cholesterol, lathosterol and 7-dehydrocholesterol differ from cholesterol in 
the number and position of double bonds in the B-ring, cholestanol having a saturated 
B-ring, lathosterol a double bond at C-7-C-8, and 7-dehydrocholesterol two double 
bonds at C-5-C-6 and C-7-C-8. Both probes indicate that  these B-ring derivatives 
are as effective ordering agents as cholesterol. Demel et al. 31 have found that  the 
maximum solubility of 7-dehydrocholesterol in egg lecithin liposomes is 33 mole %. 
I t  is not known at present what the solubility limit of this sterol is in oriented multi- 
bilayers. We have observed a linear decrease in (02) for 3-doxylcholestane over the 
range io-5o mole% of 7-dehydrocholesterol which suggests that  5o mole% can be 
accommodated in the planar multilayers. 

Cholesteryl methyl  ether, cholesteryl chloride and 4-cholesten-3-one, which 
represent C-3 derivatives, have essentially no effect on the motion of i2-doxylstearic 
acid in the bilayers. Cholesteryl methyl ether or cholesteryl chloride at a concentration 
of 25 mole% can decrease (02) of 3-doxylcholestane by  about IO ° which is less 
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T A B L E  I 

ORDER PARAMETERS OF I2-DOXYLSTEARIC ACID 
BILAY'ERS 

27 

IN HYDRATED PHOSPHATIDYLCHOLINE MULTI- 

Steroid Mole% T'll T'± Tzz Txx S 3 

C h o l e s t e r o l  o 14 o 13. 5 29  7 5 6 o o2 
25 2o .2  i i  7 31 6 5 9 o 33 
50  22 o i o  6 31 3 5 6 o 44 

C h o l e s t e r y l  m e t h y l  e t h e r  25 I 4 . 4  I4.O 30  8 5 6 o . o i  
5 ° 14 o 13 4 29  6 5 5 o 02 

C h o l e s t e r y l  c h l o r i d e  5 ° 14 o 13 7 30 o 5 6 o o i  
T h m o c h o l e s t e r o l  9 14.5 13 3 29 8 5 6 o 04  
4 - C h o l e s t e n - 3 - o n e  3 3 - 5  o 15 o 13 2 3 ° o 5 6 o 07  
E p l e h o l e s t e r o l  lO-5O 14,2 13 3 29 6 5 .5  0 .03  
C h o l e s t a n o l  5 ° 21,  7 IO 6 31 I 5 8 o 43 
L a t h o s t e r o l  50  22 ,3  i i  6 32 4 6 i o 42  
7 - D e h y d r o c h o l e s t e r o l  50  22 .6  IO 7 31 9 6 o o 45 
E r g o s t e r o l  2 5 - 5 o  14 o 13.1 29 2 5 4 o 03 
f l - S l t o s t e r o l  3 3 - 5  ° i5,i 12 9 29  7 5 5 o 09  
5 * ¢ - A n d r o s t a n e - 3 f l - o l  l O - 5  o I3  7 13 5 29  5 5 .5  o o i  
5 ~ - A n d r o s t a n e - 3 f l - o l - I 7 - o n e  l O - 5  ° 13 8 13 2 29 2 5 4 o 02 

T A B L E  I I  

MEAN DEVIATION ANGLE, < ~ 0 2 >  , OF 3-DOXYLCHOLESTANE IN HYDRATED EGG PHOSPHATIDYL- 
CHOLINE MULTIBILAYERS 

Steroid Mole % T'II T'3. Tzz Txx  < 0 ~ >  

C h o l e s t e r o l  o 9 5 17.5 32 3 6 o 3 ° 7 
25 6 8 19 2 32 8 6 . I  12 6 
50  6 6  19-9 3 3 7  6 3  8 I 

C h o l e s t e r y l  m e t h y l  e t h e r  25 8 6 17 8 32 i 6 o 26  3 
C h o l e s t e r y l  c h l o r i d e  50  8 6 17.6  31 8 5 9 26  8 
4 - C h o l e s t e n - 3 - o n e  3 3 - 5  ° 8. 4 18 3 32 7 6.1 26  4 
T h l o c h o l e s t e r o l  9 . . . . .  
E p l c h o l e s t e r o l  25 8. 3 18 3 32 .6  6 I 23 8 

5 ° 7 8 18 7 32 8 6 I 20  5 
C h o l e s t a n o l  50  6 6 19 5 33 I 6 2 8 5 
L a t h o s t e r o l  5o  6 6 2o .2  34 o 6 4 6,5 
7 - D e h y d r o c h o l e s t e r o l  33 7 5 18 9 32 9 6.1 18,4  

5 ° 6 7 20  2 34 2 6 4 9 .1 
E r g o s t e r o l  2 5 - 5 0  7 .4  18 9 32 8 6 I 17, 7 
f l - S l t o s t e r o l  33 7 .8  18.9  33 I 6 2 2o .o  

50  7 4 18 8 32 7 6 i 18 o 
5 c ¢ - A n d r o s t a n e - 3 f l  -o l  33 9 I 18 2 33 o 6 2 27 5 

5 ° 7 9 18.8 33 o 6 2 20 7 
5 c ¢ - A n d r o s t a n e - 3 f i - o l - i 7 - o n e  i o  9 3 17 8 32 6 6 i 29 2 

5 ° i o  2 17 3 32 5 6,1 33 7 

of an ordering effect than 25 mole % cholesterol. Increasing the concentration of 
these steroids above 25 mole % in multilayers containing 3-doxylcholestane results 
in the appearance of spectra of strongly immobilized labels, in addition to the spectra 
of labels in the lamellar phase. The "strongly immobilized" spectra could only arise 
from spin labels intercalated in a separate polycrystaUine steroid phase. These ob- 
servations suggest a maximum solubility of 25 mole % of cholesteryl methyl ether 
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or cholesteryl chloride in the lecithin bllayers. Oldfield and Chapman 13 have deter- 
mined that  these steroids have a very low solubility in lecithin liposomes using phase 
contrast microscopy. I2-Doxylstearlc acid is insensitive to a separate phase of these 
steroids presumably due to its preferential solubility in the lamellar phase The 
maximum effect of 4-cholesten-3-one on the motion of 3-doxylcholestane occurs at 
about 33 mole °/'o steroid and it is much less effective than the same concentration of 
cholesterol. Demel et al. ~1 find a solubility hmit of 37 mole % for this steroid m lipo- 
somes. 

Huang et al. 32 have demonstrated that  thiocholesterol can be incorporated 
into egg lecithin bilayer vesicles up to a concentration of about 9 mole%. From 
titration and spin labelling experiments the authors concluded that  the thiol 
groups were in close proximity to the bilayer-water interface Preparation of oriented 
egg lecithin bilayers containing 9 mole % thiocholesterol and 3-doxylcholestane 
resulted in a rapid decrease in the paramagnetie resonance signal intensity, which was 
not detectable after a very short period of time Hydrogen donors such as sulfhydryl 
groups are known to react with nitroxides forming a diamagnetic hydroxylamine 33. 
In contrast, i2-doxylstearic acid was qmte stable in films containing 9 mole % 
thlocholesterol, presumably due to the locahzation of the mtroxides in the interior 
of the bilayers The thlocholesterol had the same effect on the motion of the probe as 
an equivalent amount of cholesterol In films containing the stearic acid label and 50 
mole % thiocholesterol, some of the mtroxides were strongly immobilized, indicating 
the existence of a separate steroid phase 

Demel et al. 81 report a solubihty of 25 mole % epicholesterol in liposomes In 
the oriented multibilayers we observe an effect on the motion of 3-doxylcholestane up 
to approximately 33 mole % epicholesterol (Fig 4). The decrease in (02) is much 
less than that  observed with cholesterol. In contrast lO-5O mole % eplcholesterol has 
essentially no effect on the motion of I2-doxylstearic acid (Fig. 5). 

Ergosterol and/~-sitosterol are plant sterols which represent cholesterol deriva- 
tives with structural changes in the hydrocarbon side chain. Ergosterol has two more 
double bonds than cholesterol (C-7-C-8 and C-22-C-23) and a methyl group at C-24. 
/5-Sitosterol differs from cholesterol by the addition of an ethyl group at C-24. The 
maximum ordering effect of ergosterol as measured by 3-doxylcholestane is reached 
at 25 mole % which is in good agreement with its solubility limit in liposomes obtained 
by Demel et al. ~1. The decrease in (0,,) induced by  25 mole % ergosterol is less 
than that  caused by  cholesterol. 25-50 mole To ergosterol has essentially no effect on 
the motion of I2-doxylstearic acid. Bruckdorfer et al. 34 report a solubility limit of 
33 mole % /5-sitosterol in egg lecithin liposomes. In the oriented multibilayers $- 
sitosterol causes a linear decrease in (0~) of 3-doxylcholestane up to 50 mole % 
sterol. However, at either 33 or 50 mole % tS-sitosterol the degree of order is much 
less than that  induced by cholesterol. At 33-50 mole % /~-sitosterol there IS a slight 
influence on the motion of I2-doxylstearic acid, increasing S s to approximately o I. 

5x-Androstane-3/~-ol, a derivative which lacks a hydrocarbon side chain, has a 
slight effect on the motion of 3-doxylcholestane up to 50 mole °/o, decreasing (02) 
by  about IO °. However, this sterol has no effect on the motion of i2-doxylstearic acid. 
Another C-I 7 derivative 5~-androstane-315-ol-t7-one, where the aliphatlc side chain is 
replaced by a polar oxygen atom has no ordering effect on the motion of either spin 
label. 
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The effects of the steroids on phospholipid mobility were also investigated using 
egg lecithin dispersions containing I2-doxylstearic acid The results were qualitatively 
the same as those obtained in the oriented multibilayers. Only in liposomes containing 
cholesterol, cholestanol, 7-dehydrocholesterol or lathosterol was the motion of the 
label sufficiently anisotropic to permit an estimation of the order parameter. 

DISCUSSION 

Both spin labels provided self-consistent information concerning the steroid 
structural requirements although 3-doxylcholestane was a less sensitive probe. This 
can be attr ibuted to differences m the structure and location of each spin label in the 
bilayers Because the cholestane spin label has a spatial position in the bllayers with 
the nitroxide close to the membrane-water  interface, the main influence on its motion 
due to added cholesterol arises from the effect of the sterol nucleus on phospholipid 
chain motion. Therefore, it is not surprising that  all the steroid derivatives (except 
5~-androstane-3fl-ol-!7-one ) can decrease the random motion of the label to some 
extent. The oxazolidine ring of the flexible I2-doxylstearic acid label is located 
in the hydrocarbon interior of the bilayers. Examination of molecular models suggests 
that  the motion of the nitroxide moiety of the fa t ty  acid label should be influenced 
mainly by the effects of the cholesterol hydrocarbon tail when this sterol is added to 
the bilayers Thus modification of the C-3 or C-I 7 substituent which disrupts hydro- 
phobic interactions between the sterol and phospholipid fa t ty  acid chains should 
have a more pronounced effect on the motion of !2-doxylstearic acid compared to the 
steroid spin label. 

The techniques of monolayer surface pressure measurements 15.1~, X-ray diffrac- 
tionl~, 18, 35, nuclear magnetic resonance ~, 37, ESR spin labelling 1°-~2 and permeability 
studies 1° have established that  cholesterol inhibits the random motion of phospholipids 
which are above their gel-liquid crystalline transitlon temperature. Previous studies 
by Bruckdorfer et al. 3s indicated a relationship between steroid structure and influence 
on the permeabihty properties of red blood cell membranes. The results obtained with 
the 3-doxylcholestane label, (Table II)  concur with the preliminary results of Butler 
et al  12 on the effects of various steroids in multibilayers prepared from the hplds of 
the white mat ter  of bovine brain and the hpids of human erythrocyte ghosts. Our 
observations are in excellent agreement with the results and conclusions of Demel 
et al. 3~, 29 who have studied the relationship of steroid structure to steroid-phospholipid 
interactions in monolayers and the effects of steroid structure on the permeability 
properties of egg lecithin liposomes These authors concluded that  the interactions 
of sterols with phosphatidylcholine is dependent on (I) a planar steroid nucleus (2) 
C-3 fl-hydroxyl group (3) an intact side chain. The present findings indicate that  for 
maximum ordenng effect in egg lecithin bilayers, a steroid with a planar nucleus 
reqmres a C-3 fl-hydroxyl group and a saturated eight carbon chain at C-I 7. The 
presence or position of double bonds in the B-ring appears to have little or no bearing 
on the extent of interaction The necessity of a hydroxyl group in the/5 configuration 
for maximum solubility and ordering suggests that  polar interactions between sterol 
and phospholipid involve stereospecific hydrogen bonding. A hydrogen bond between 
cholesterol and lecithin in the dry state has been detected by infrared spectroscopy 4°. 
The specific structural requirements of the C-I 7 substituent for maximum ordering 
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effect indicate definite hydrophobic interactions between the hydrocarbon tail of the 
sterol and the phospholipid fatty acid chains. The primary functions of the steroid 
nucleus seem to be: (I) to maintain the correct separation between the hydroxyl 
group and the hydrocarbon side chain, for maximum polar and hydrophobic interac- 
tions with the phospholipids (2) to provide rigidity to the sterol:phospholipid 
"complex". Hydrophobic interactions involving the steroid nucleus may also be 
important. It should be noted that steroid-phospholipld interactions are also depen- 
dent on the chemical structure of the phospholipid. We have found that the structural 
requirements of a membrane ordering steroid differ in egg lecithin and bovine brain 
sphingomyelin bllayers (R. A. Long, unpublished results). 
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